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The polarizing properties of materials in the extreme
ultraviolet are being studied for the purpose of developing
both reflecting and transmitting polarizers. Calculations
of the ratios Rs/Rp' p and Tp/Ts= 1/p have been made for some
of those materials whose optical constants have been measured
and an attempt was made to verify the calculated ratios ex-
perimentally where possible. The calculations indicate the
possibility of making transmitting polarizers, using multi-
layer unbacked metal films, for wavelengths less than the
critical wavelength of the metal. The calculated value of
1/p for Au/Al/Au at 640 X and i = 42° was found to be 15, but
Tp, for this multilayer film, is only a few percent. Reflect-
ing polarizers, which are much less convenient to use, show
more complete polarization. For example, for Au/Al/Glass at

640 &, p = 35 at 1 = 62°, and R = 30%.
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I. INTRODUCTION

The need for polarizers for the extreme ultraviolet {(XUV)
has been emphasized by some recent experimental work by
Cardona (1), who has been able to observe features in the
reflectance spectra of Wurtzite crystals that would not have
been possible with unpolarized radiation. An interpretation
of the reflectance maxima of such spectra has been made by
J. C. Phillips (2) who found quite good agreement with theory.
Phillips points out that a much better idea of the band struc-
ture of crystals is available from XUV reflectance spectra <
than can be obtained in the visible or near infrared, and
that the interpretation of such spectra would be made easier
if they could be measured using polarized radiafion. This has
not been possible thus far because of the inadequacies of con-
ventional polarizers in the XUV and it is only recently since
reasurements of the optical constants have been undertaken,
that polarizers for the XUV can be designed.

Polarized radiation can also be produced by sources, for
example, the synchrotron, whose radiation has a high degree
of polarization. These instruments are not accessible to most
experimenters, hence they will not be discussed here.

II. METHODS OF PRODUCING POLARIZED RADIATION o

l. Reflection

Polarization by reflection presents the most obvious method
for obtaining polarized radiation in the XUV. The degree of
polarization, given by Rs/Rp' p» can be calculated using the

Generalized Fresnel Reflection Coefficients once the optical
2



constants of the substance are known. This ratio is always

-greater than unity if no interference effects are present.

The dependence of Pmax. and RB on the optical constants has
been calculated for certain values of n and k with the results
shown in Fig. 1. The angle of incidence at which Pmax. OCCUrs
ranges from 9° to 66° for k = 0.1, 34° to 67°for k = 0.5, and
from 57° to 70° for k = 1.3, while the width of the peaks of
Pmax. at half value may be 10° or more. It is apparent that
the larger the ratio of n/k, the more effective the substance

is as apolarizer, however, large values of Pmax do not neces-

sarily ensure large values for Rs as the lower portion of the

figure shows. For n = 1.0, and k = 0.1, Rs reaches a minimum
value of approximately 0.9% while Pomax. = 100. The propor-
tionality between n/k and Pmax. is not unexpected; for the
extrenqépse'of a pure dielectric, the ratio n/k is infinite

‘ and at Brewster's angle, p, . 18 also infinite. This behavior
! has been pointed out by Sasaki and Fukutani &) who have showa
by calculation that Ppay. OCCUrS approximately at the Brewster
angle for small k. At the other extreme, for small n/k, the
refleétance is high and since both Rs and Rp are large, Pmax.

\ - is approximately unity.

| Dielectrics meet the condition required for maximum polar-

‘ ization; that is, large n/k, and a number of them are trans-
parent in the XUV. LiF, for example, is transparent to wave-

lengths as short as 1050 K, while other alkali halides cut off

at somewhat longer wavelengths. A1203 and Mng are also
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transparent in the XUV. Thus, in principle, polarization by

rTeflection can be easily accomplished to wavelengths as short
as 1050 £. Cardona ‘1 has employed a LiF reflector, held
approximately at the Brewster angle, between the light source
and the entrance slit of a monochromator, to produce polarized
radiation. He estimated that the polarization was practically
complete because in the reflectance spectra of crystals, certain
features were absent that would have been observed had the
polarization been less than 100%.

For wavelengths shorter than 1050 X, there are no known
materials for which k = 0, consequently the large values of
polarization that occur with dielectrics cannot be realized

in this spectral region. A calculation of and R,s for

Pmax.
glass, evaporated films of Au, ZnS and anodically formed films
of A1203 are shown in Fig. 2. Au has the most uniform polari-
zation characteristics; Pmax. varies between 5 and 7 from 600 R
to 2000 K, while below 600 K, the fluctuations in Pmax. 2Fe
more pronounced although they are still within the same order
of magnitude. The three dielectric materials have fewer fluc-

! — tuations in Pmax which has an upward trend to longer wave-

lengths as the ratio of n/k increases; Pmax. of glass reaching
a value of approximately 160 at 2000 . These four materials
are sufficiently absorbing over the wavelength range shown so
that films a few hundred /‘ngstroms thick are opaque.
| Other metals such as Al, Mg, Ge and Si have optical proper-

ties that change character completely in the XUV; from a highly
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reflecting metallic character to that of o dielectric. Al (4)

. gives a good example of the gemeral optical behavior of this

group. It has a critical wavelength, xc. at approximately

840 % due to collective oacillations of its valence electrons.
To longer wavelengths, the reflectance is high and n/k is8 less
than unity with a minisum value at about 1500 . At A, n/k =
1.0 and for shorter wavelengths, at least tg the le x-ray

edge at 170 £, the reflectance is low and n/k is greater than
unity. Thus, for a semi-infinitely thick layer of Al,

Pmax.
is slightly larger than unity for 1>Ac, a situation which is

not changed for thicknesses as small as 1000 A because of the
large value of k. For l<lc, Pmax. is continually increasing,
reaching a value in excess of 104at 300 X. Because of the
small mlue for k, howewer, the penetration depth of XUV radia-
tion is large enough so that with films of practical thickness,
600 & to 6000 K, interference between the waves reflected from
the front and back surfaces occurs.(s) Under these conditions
the value of Pmax, cabnot be calculated using the Generalized
Fresnel Reflection Coefficients since multiple reflections must

| ’ be taken into account.

. The presence'of an oxide layer on Al causes Pmax. to increase

| slightly for A>A_, however, it is less than 2 from 1300 % to
850 &. At A<, where Al is semi-transparent, and for Al thick-
nesses less than lu, large values of both p and 1/p are pos-
sible due to interference although refiectances are generally
low. PFor example, at 600 &, a reflector consisting of a glass

substrate. 1000 £ of Al and 30 £ of A1,0, has 1/p,, = 736 with
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R,= 1.4%, while for the same reflector at 500 B, opq, = 182
.with Rs = 28.0%. With respect to angle of incidence, the peak
for l/p‘ax. is approximately 0.1° wide at the half value points
while that for Prax. is about 2° wide.

Other substances may have optical properties more suitable
than 51293 for onhancing the polarization of Al reflectors. A
trial calculation, at 640 X. was made for a reflector consisting
of a glass substrate, 1000 % of A1 and 100 £ of Au. This par-
ticular wavelength was chosen because Au has a maximum in its
index of refraction; c = 1.157.(6) The results are Shown in
Fig. 3 and compared with a similar calculation where Alzo3

was substituted for Au. For Au, is approximately 35

Pmax.
and Rs about 30%, while for A1203, Pmax. is approximately 20

and R.s about 30%. Both peaks are approximately 10° wide at

the half value points.

A practical applicatioan of polarization by reflection has
been made by Rabinovitch, Canfield, and Madden ¢7). Their
device is an analyzer that makes use of a property of reflectors,
first pointed out by Abeles (8), that at 45° angle of incidence,
Rp - (Rs)z, independent of n and k, providing no interference
effects are present. The experimental arrangement is shown in
Fig. 4 as used to measure the polarization of radiation emerging
from a moncchromator. The mirror is set for measurement at 45°
angle of incidence and an arbitrarily chosen zero azimuth. If

the reflectometer can be rotated in azimuth around the axis of

the emergent beam and reflectance measurements made at two
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azimuthal angles 90° apart, the polarization in the beam can
. be calculated using the formmla:

1, Ry(-.5+(.25:20)/%) _ p,

I, Rgo(-.5+(.25:2R)173) R

where the subseoripts 0 and 90 refer to the two azimuth angles
90° apart and R is the arithmetic average of Ry snd Ry,.

If the percent change in reflectance due to polarization
-0of the incident beam is taken as a measure of the sensitivity
of the amalyzer, it is a simple calculation to show that the
sensitivity is dependént on n and k, and that maximum sensi-
tivity occurs when n and k are approximately 1.3 and 0.3
respectively. The calculations were limited to maximum values
for n and k of 2.3 aﬁd 3.3, respectively, which includes most
values found in the XUV. For this pair of n and k, however,
the reflectance for unpolarized radiation is only about 10%,
so that while the percent change is maximum, the advantage
may be cancelled by inaccuracies in measuring the reflectance.

2. Transmission

Over the wvavelength range where non-absorbing crystals are
available, transmitting polarizers can be made in the classical
form of a pile-of-plates, set at the Brewster angle. Walker (9)

has reported the properties of such a polarizer, made from

cleaved LiF plates held approximately at the Brewster anglé.
In the wavelength range from 1800 % to 1216 x, the index, and

7



hence the Brewster angle, does not change rapidly, therefore

_the polarizer can be used over a fairly wide wavelength range

without adjustment. Walker obtained intensity ratios of the
parallel component of the perpendicular component, 1/p, ranging
from 3 at 1600 K to 10 at 1216 £ with four plates. The trans-
mittance for the p-component was 20% at 1600 A and 4% at 1216 £.

In the wavelength region below 1050 £ quite a few metals
have transmission windows.(lo) For example, Al, Ge, Si, Sn,
Bi, etc. to name a few. At least two metals, Mg and Pb, trans-
mit to wavelengths longer than 1050 R. Most of these materials
can be made into unbacked films ranging in thickness from a
few hundred Angstrofli ito thousands of Angstroms. Because of
their small values of k, n/k is large and their optical proper-
ties reﬁenble those of a dielectric, hence in principle, it is
possible to use them in the form of unbacked films held ap-
proximately at the Brewster angle in a variation of the pile-
of-plates polarizer mentioned above.

The properties of such a polarizer will be illustiated by
calculations for Al. The value of 1/p was calculated as a
function of angle of incidence foxr wavelengths ranging from
300 X to 800 % and the results are shown in Fig 5. The effect
of the oxide layer was not included in this calculation. As
& transmitting polarizer, Al is rather poor; the maximum value
of 1/p occurs at about 700 & and is less than 3, while Tb
i8 approximately 20%. The effect of the oxide layer was in-
cluded in a calculation at 584 X and in Fig. 6 are shown the

8



transmittance and polarization of Al films of several thick-
_nesses with a 30 £ thick oxide layer on either side. There

is practically no change in 1/p between this wavelength and

600 X in the preceeding figure. Increasing the thickness of
the Al layer causes a decrease in transmittance, as would be
expected, makes 1/P more sensitive to angle, and introduces

subsidiary maxima in 1/p. The dashed curves for (l/p)z and

('rp)2 are included to show the effect of using two separate

films in tandem.

An attempt was made to measure the degree of polarization
due to an uobacked film of Al, 1000 & thick, using another
£ilm as the analyzer. A small effect was found but, because
the low radiation intensity caused the signal-to-noise rﬁtio
in the detecting equipment tc be low, the results were in-
conclusive. Somewhat more successful measurements were made
by replacing the analyzer film with the reflecting analyzer
described above, and the following results were obtained:
at 555 £, 1/p ® 1.5, and at 620 £, 1/p ™ 3.4, The disagreement
of these results with the calculations can be attributed to
two causes; first, inaccuracies in measurements, about + 30%,
due to low signal-to-noise ratios, and second, the possibility
that the optical constants of the natural oxide are not the
same as the anodically formed oxide.

At longer wavelengths, the increased contrast between the
optical constants of Al and Al,0, causes 1/p to increase. For

example, the calculated transmittances of Al, with and without
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oxide layers, at 640 K, are shown in the left hand and center
.panel of the figure. With no oxide present, 1./p is approxi-

mately 2.5, however, the presence of the oxide increases the

ratio to 7.

The right hand panel in Fig. 7 shows the effect of sub-
stituting 100 A of Au for the two oxide layers on an unbacked
£11m of Al 500 A thick. The value of 1/p has been increased
to approximately 15 while Tp has been reduced to 2%. Apparently
gains in 1/p will be off-gset by the reduction in transmittance.
Such a film may be useful in photographic appiications, or in
photoelectric work when the radiations intemsities are high.
ITI. CONCLUSIONS

The experimental work of Cardona in obtaining polarized
radiation by reflection from a LiF surface shows that it is
possible to obtain almost completely polarized radiaﬁion to
wavelengths as short as 1200 A. At present, very little ex-
perimental work has been done to shorter wavelengths but the

calculations indicate that it is possible to construct reflect-

ing polarizers with efficiencies ranging from a few percent

tb 30% or more, and whose degree of polarization ranges from

slightly greater than unity to 103 or more. However, an
extremely complicated mechanical arrangement that must be
operated through the wall of a vacuum system may prove a con-

siderable deterrent to their widespread use.

Walker has made a transmission polarizer by using a pile

-

R e

of LiF plates that can be used from 1600 A to 1200 A
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although it is not too efficient nor is its degree of polari-
-zation very large. The calculations presented above and some
prelininary experimental results show that such transmitting
polarizerg are possible at shorter wavelengths us;;;¥;hbéé§§d_
metal films, but not with the efficiency or degree of polari-
zation that cam e obilained with roflecting nolarizers. On
the other hand, the mechanical ar;;;§3533€“F§§utrad'!br their
use is very simple and may outweigh the disadvantages of their
low efficiency and degree of polarizationm.
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3.

Calculated Pmax and R, as a function of

n for k = 0.1, 0.5, and 1.3 .

Calecunlated Paax and R= as a function of wavelength
for glass, Au, Zns, and szos .

Calculated p and reflectance of Al on glass
with Au and A1203 coatings.

-

Reflecting analyzer for measuring the polarization

in the easrging beam of a monochromator.

Calculated 1/p and transmittance of unbacked Al
films as a function of angle of incidence at wave-

lengths shorter than the critical wavelength.

41,0, =0, t,. = 1000 A .

2°3 © Al
Calculated 1/p and transmittance of unbacked Al
films with 30 A of oxide on each side at 584 A.
The dashed curves for (1/p)% and ('rp)2 are
iacluded to show the effect of using two separate
films in tandem.

13




Fig. 7. Calculated 1/p and transmittance of unbacked £ilms
‘ of Al with A1203 and Au coatings on each side
of the Al .

t E 3 - A -
A1,04 30 %, t,, = 100 4, A = 640 4.
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